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Abstract: Medical societies and public health agencies rigorously emphasize the importance
of adequate disinfection of flexible endoscopes. The aim of this work was to propose a novel
opto-chemical disinfection treatment against Staphylococcus aureus grown in mature biofilm
on Teflon-based endoscope channel models. Laser irradiation using near-infrared and blue
wavelengths combined with a low concentration of chemical disinfectant induced both irreversible
thermal denaturation and intercellular oxidative stress as a combined mechanism for an augmented
antimicrobial effect. The opto-chemical method yielded a 6.7–log10 reduction of the mature
Staphylococcus aureus biofilms (i.e., approximately 1.0-log10 higher than current requirement of
standard treatment). The proposed technique may be a feasible disinfection method for mitigating
the risk associated with infection transmission.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Endoscopy has substantially expanded a variety of procedures by introducing complex instruments
into the medical community. More than 17 million gastrointestinal (GI) endoscopies are performed
annually in the United States [1,2]. The employed endoscopes are subject to contamination
of bacteria, which may cause patient-to-patient infection with use of the instruments [3–6].
The common Gram-positive bacteria are Staphylococcus aureus (S. aureus) and Enterococcus
faecalis while Gram-negative microorganisms are Pseudomonas aeruginosa (P. aeruginosa) and
Escherichia coli (E. coli). The rate of infection-related hospitalizations for patients that undergo
GI endoscopy within a month was above 104 per 1,000 patients in the United States (∼10%) [7].
Thus, the endoscopes must be subjected to a high-level disinfection (HLD) process to meet the
safety requirements before their use on the following patient. HLD destroys viruses, vegetative
bacteria, fungi, mycobacteria, and some, but not all, bacterial spores [8].

Conventional liquid chemical germicides (LCGs) for HLD, such as glutaraldehyde (GA,
concentration of ∼2%), ortho-phthalaldehyde (OPA, ∼0.55%), peracetic acid (0.23%), and
hydrogen peroxide (7.5%) are used to eradicate all mature microorganisms in the endoscope.
The current requirement for HLD is defined as the ability to kill 106 mycobacteria (i.e., six-log
reduction) [9]. Among various LCGs, GA offers numerous benefits to bacterial disinfection in
clinics, such as excellent biocidal properties and noncorrosive action to endoscopic equipment,
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as it forms protein-protein crosslinks that inhibit protein synthesis [10]. However, its significant
inherent limitations include severe irritation to the human respiratory tract, long processing time,
protein coagulation, environmental hazard, and high cost [11,12]. HLD using GA has a standard
treatment time of ∼20 min at 25°C and typically yields 6-log10 reduction of mycobacteria.
However, U.S. Food and Drug Administration (FDA) recommends the HLD time of 20∼90 min,
depending on chemical types. The total estimated cost for reprocessing a typical endoscope is
approximately 114∼280 USD per endoscope [12,13]. Therefore, alternative solutions are still
required to ensure more effective bacterial disinfection during endoscope reprocessing.

Laser irradiation on endoscopes with 808 nm (near-infrared; IR) and 405 nm (blue; BL)
wavelengths for antimicrobial purposes paves the way for enhancing bacterial disinfection with
both photothermal and photochemical effects [14–16]. In comparison to ultraviolet wavelengths,
IR and BL wavelengths are less cytotoxic and easier to deliver through an optical fiber [17].
However, despite emerging antimicrobial methods utilizing laser light, the safe and effective
delivery of light into the tubular structure of endoscope working channels (2∼4 mm in diameter)
is more challenging than that on open surfaces [18]. Moreover, individual treatments of LCG
or laser light disinfect biofilms incompletely because the tubular structure of the biofilms is
composed of mono- to multi-layers of bacterial cells [19]. Recently, a low concentration of GA
combined with laser irradiation (broadband IR and BL) was performed to achieve antibacterial
activity on S. aureus biofilms with a larger than 6-log10 reduction in the bacterial load in vitro
[20].

Based on these considerations, the current study examined the potential of a novel opto-
chemical treatment with combined antimicrobial effects to eradicate S. aureus bacterial biofilm
(LCG-resistant bacteria model for endoscope disinfection) often growing in a clinical endoscope
[15,21,22]. The internal surface of a Teflon-based endoscope channel model was first exposed to
a low concentration of GA solution and then was irradiated by IR and BL wavelengths (sequential
treatments). The proposed opto-chemical treatment exhibits an effective technique in disinfecting
the bacterial biofilm in the Teflon-based endoscope channel.

2. Materials and methods

2.1. Bacterial biofilm formation

S. aureus biofilm (ATCC 6538) was grown in flexible Teflon channels (inner diameter= 4 mm
and outer diameter= 5 mm; Sungjin Co., Seoul, South Korea), emulating a biofilm model formed
in an endoscope. The uniform mature biofilm with an aggregation of bacteria living in an
extracellular matrix (ECM) was cultured by using a setup (Fig. 1(a)) adapted from the published
literatures [23,24]. Initially, the bacteria stock cultures were stored at -80 °C in 20% glycerol.
Before experiments, the bacteria were subcultured on the tryptic soy agar (TSA) plate from a
frozen stock and incubated at 35 °C. The single colony from the TSA plate was cultivated in
tryptic soy broth (TSB) and incubated overnight at 35 °C. The bacterial cell culture was then
diluted in fresh TSB (1:100 dilution; equal to optical density of 0.05 at 600 nm) [20]. To begin
the culture setup, the bacterial culture broth was supplied to all channels by using a pump (P1:
1.5 ml/min, Shengchen Co., Baoding, China). Then, ten milliliters of the diluted cell cultures
were injected into the channel. A second pump (P2: 100 ml/ min, Shengchen Co., Baoding,
China) was used to thoroughly agitate the channels before the first pump (P1) was turned on
to provide continuous tryptic soy broth (TSB) for 72 h at 35 °C. A digital microscope camera
(AM413ZT, Dino-Lite, Taipei, Taiwan) monitored the formation of the multilayered biofilm daily.
A crystal violet (CV) staining visualized the formation of the S. aureus bacterial biofilm. The
channels with mature bacterial biofilms were washed with distilled water three times, then stained
with CV for 20 min. The stained biofilm inside the channel was flushed out using 95% ethanol,
collected in a 96-well plate, and then measured the optical density at 570 nm by a microplate
reader (Multiskan GO, Thermo Fisher Scientific, Waltham, Massachusetts, USA); N= 5 per
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condition) [25]. To avoid contamination, the growth system was placed in a biological safety
cabinet, and the culturing media was changed every four hours.

Fig. 1. Schematic illustrations of (a) systematic formation of S. aureus biofilm in Teflon
channel and (b) experimental set-up for opto-chemical disinfection: biofilms were continu-
ously grown in 72 h at 35 °C. Opto-chemical treatment was conducted in a sequential order
of GA immersion, IR, and BL irradiations (P1: media supply pump; P2: agitation pump; P3:
air pump; V1, V2, V3, and V4: three-way stopcocks; TSB: tryptic soy broth; BC: bacterial
culture; DC: digital camera; WB: water bath; EV: evacuation; PC: personal computer; NF:
neutral filter; IRC: infrared camera; GA: glutaraldehyde; TC: Teflon channel; OD: optical
diffuser; LS: laser system of IR and BL).

2.2. Optical delivery design

A ray-tracing numerical model was initially developed to simulate distribution of the photons
emitted from an optical diffuser by using the Monte Carl program (TracePro, Lambda, MA, USA)
and to optimize the design of the diffuser. The model used a 600-µm core optical fiber (NA=0.5;
ncore = 1.46; ncladding = 1.37; Thorlabs, USA) with a 10-mm diffusing active segment at the distal
end of the fiber. The diffusing surface was assumed to have parallelogram groove patterns (75 µm
× 75 µm) to have the total internal reflection at the surface and to yield a cylindrical distribution
of high laser power for uniform light diffusion. A million rays of a light source with a Gaussian
distribution were coupled into the optical fiber. A planar detector (20 mm × 20 mm) was used to
detect the photons emitted from the fiber surface. Based on the simulation results, the optical
diffuser was fabricated by micromachining the 600-µm optical fiber tip with a CO2 laser system
[26]. The parallelogram groove patterns were created on the surface of the distal fiber end and
were imaged by using scanning electron microscopy (SEM) for qualitative evaluations.
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2.3. Light sources

A customized 10-mm long optical diffuser (TeCure, Inc. Busan, Korea) was used to distribute
laser light to the bacterial biofilm on the internal surface of the Teflon channels (Fig. 1(b))
[26]. High-power class IV diode laser systems (CNI laser, Changchun, P.R. China) were used
to deliver narrowband wavelengths of IR (λ= 808 nm; bandwidth=±3 nm) and BL (λ= 405
nm; bandwidth=±5 nm) for all the experiments. The laser systems were operated with a
programmable modulator to transmit uniform irradiation to mature biofilm formed in Teflon
channels (< 2% of power stability). At each wavelength, a digital camera (Nikon D3500, Nikon
Inc., Melville, NY, USA) took images of the light distribution on the inner channel surface.
Image J software (National Institutes of Health, Bethesda, Maryland, USA) was used to measure
the longitudinal emission profiles from the optical diffuser.

2.4. Characterization of optical and thermal responses

An end-firing flat fiber delivered IR light on a 1-mm thick Teflon plate (Sungjin Co., Seoul, South
Korea) in order to characterize optical and thermal responses of the Teflon to IR irradiation.
A power meter (50(150) A-BB-26, Ophir Co., Darmstadt, Germany) was used to measure the
transmission power at various power levels. An infrared camera with a spectral range of 7.5-13 µm
(A325SC, FLIR, Inc., Wilsonville, Oregon, USA) monitored the spatiotemporal developments of
temperature on the Teflon surface to verify any occurrence of thermal damage to the Teflon plate.
The Teflon plates were cut into 5 mm × 5 mm, and all the pieces were mounted and sputter-coated
with gold-palladium for scanning electron microscopy (SEM; S-3400N, Hitachi, Tokyo, Japan)
and further image processing by Image J software.

2.5. Treatment dosimetry

Upon biofilm preparation, the dosimetry for chemical and optical treatments was examined to
identify optimal treatment conditions [20]. Four different concentrations (0.1, 0.5, 1, and 2%)
of glutaraldehyde (GA) was tested on each established biofilm channel (10 mm long) for 180
s (N= 5). The current standard concentration (2%) for endoscope disinfection was considered
as a Ref. [27]. The optical treatment applied two wavelengths (808 nm for IR at 10 W/cm2

and 405 nm for BL at 1.6 W/cm2) for various durations (120, 180, 240, and 300 s; N= 5) [20].
The corresponding fluences for IR were 1200, 1800, 2400, and 3000 J/cm2, respectively. The
fluences for BL were 192, 288, 384, and 480 J/cm2, respectively. Once the optimal dosage was
identified for the chemical and optical treatments, seven different treatment conditions (individual
or combined) were examined to investigate antimicrobial effects (individual treatments=GA, IR,
and BL and combined treatments=GA+ IR, GA+BL, IR+BL, and GA+ IR+BL). For the
combined treatments, the treatment sequence was maintained in the order of GA, IR, and BL
(i.e., GA+ IR: GA followed by IR; GA+BL: GA followed by BL; IR+BL: IR followed by BL;
and GA+ IR+BL: GA followed by IR and then BL), in accordance with our previous study [20].

2.6. Cell viability

For the quantification of viable bacteria in CFU/cm2, each 10-mm treated channel was washed
with distilled water and put in a 15ml conical tube with 1 ml distilled water. The prepared channel
was sonicated for 30 min (frequency= 40kHz), followed by vortexing for 5 min. The bacterial
suspension was acquired and diluted ten-fold, then 100 µl of the bacterial suspension was spread
on the trypticase soy agar (TSA) plate to aerobically incubate for 24 h at 37 °C. After visually
counting the bacterial colonies, we presented all results as the log number of viable bacterial
cells in the biofilm from the channel surface (CFU/cm2; N= 5 per condition).
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2.7. Microscopic determination of biofilm architecture and cell membrane integrity

To visualize the biofilm architecture, all treated channels were washed several times with distilled
water and fixed using 2.5% GA in 0.1 M phosphate-buffered saline (PBS; pH= 7.2) for 4 h at 4
°C. Then, the treated channels were dehydrated in increasing ethanol concentrations (10, 25, 50,
75, and 100%) for 10 min and isoamyl (100%) for an additional 10 min [20]. The final biofilm
channels were cut into 5 mm long pieces for SEM evaluations. MATLAB (R2019b, MathWorks,
Natick, MA, USA) was used to analyze and estimate the bacterial coverage after each testing
condition. The percentage of residual bacteria surface was calculated from each segmented image
(N= 5). A moving window (6 × 5 µm2) was applied to calculate the corresponding standard
deviation for each SEM image (26 × 17 µm2 for × 5,000). An image histogram was created to
determine the entire tonal distribution in each digital image.

A LIVE/DEAD BacLight Bacterial Viability Kit (Bio Probes Inc., Eugene, OR, USA) was
used to visualize the membrane integrity of the treated biofilms. SYTO 9 and PI stains were
thoroughly mixed with a ratio of 1: 1. Then, 3 µl of the mixed dye was added to each 1 ml
bacterial suspension, which was removed from the biofilm-established channel, and incubated in
a dark room for 15 min at room temperature. Five microliters of the stained bacterial suspension
were placed between a glass slide and an 18 mm square coverslip for observation under an
inverted microscope (CKX53, Olympus, Inc., Tokyo, Japan) (N= 5). As the live bacteria region
was colored green, global thresholding in the RGB space was used to segment the green area
by using MATLAB. The total biofilm coverage of live bacteria regions was quantified from
each segmented fluorescence image. A moving window (40 × 40 µm2) was used to estimate the
standard deviation for the quantified biofilm coverage (0.31 × 0.23 mm2 for ×40). A histogram
for each image illustrated a graphical representation of the tonal distribution.

2.8. Evaluation of oxidative stress

The degree of oxidative stress generation from seven treatment groups (GA, IR, BL, GA+ IR,
GA+BL, IR+BL, GA+ IR+BL) was examined to explain antimicrobial mechanism. Each
10-mm treated channel was washed with distilled water, placed into a 15 ml conical tube with 1
ml distilled water, sonicated for 30 min (frequency= 40 kHz), and vortexed for 5 min to detach
all bacterial biofilm from the channel. A 1 mg nitro blue tetrazolium (NBT) solution was added
to the tube after incubation in a dark room for 30 min. To stop the bacterial reaction with NBT,
0.1 M HCl was added to the solution, and all the tubes were centrifuged at 12,000g for 5 min.
The separated pellets were treated with 800 µl saline, followed by 400 µl of dimethyl sulfoxide
(DMSO) to release intercellular ROS. A 200 µl volume of each sample was placed in a 96-well
plate and measured five times at 575 nm by using a microplate reader for the estimation of ROS
generation (N= 5 per condition). To eliminate any experimental errors caused by the sonication
process, the acquired ROS production was normalized by the absorbance of control samples. The
degree of increase (Di) in intercellular ROS was calculated by the equation:

Di =
At − Ac

Ac
× 100% (1)

where At and Ac are the absorbance of treated and control samples, respectively.

2.9. Statistical analysis

One control and seven treatment conditions were evaluated on the established biofilm models.
Each group was treated five times (N= 5). The results were presented as the mean± standard
deviation (SD). A non-parametric Kruskal-Wallis test was employed to evaluate the differences
among the groups due to the small sample size and distribution-free data [28,29]. A Mann-
Whitney U test was used to assess the statistical differences between two groups. A Bonferroni
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correction with an adjusted p value was used as a post hoc test to minimize the chances of
incorrectly rejecting the null hypothesis when comparing each pair of the groups. A SPSS
program (SPSS, Inc., Chicago, USA) assisted the calculation process, and p< 0.05 was regarded
as a significant difference.

3. Results

Figure 2 shows the extent of bacterial biofilm formation inside a Teflon channel. After adhesion
to the surface, the bacterial biofilm proliferated and fully matured for three days (Fig. 2(a)). The
optical density of the multilayered bacterial biofilms for Day 1 and Day 2 was 23.4% and 46.7%,
respectively, in comparison to that of Day 3 (Fig. 2(b)).

Fig. 2. Formation of S. aureus biofilm inside Teflon channel: (a) visualization of biofilm-
seeded channel (inner surface) with crystal violet staining and (b) changes in optical density
at 570 nm for various culturing times (scale bar= 2 mm).

Optical simulations presented a uniform light distribution within a 10 mm active segment of
an optical diffuser tip (Fig. 3(a)). An SEM image confirmed parallelogram grooving patterns
(75 µm × 75 µm) on the fiber surface (top; Fig. 3(b)). The fabricated optical diffuser distributed
IR and BL lights inside the Teflon channels circumferentially (bottom; Fig. 3(b)). Figure 3(c)
compares longitudinal emissions between the simulation (top) and the experiment (bottom). The
longitudinal light intensity was normalized by the maximum intensity measured from the optical
diffuser. Both the results yielded almost rectangular profiles from the proximal to the distal
ends of the diffuser (deviation of ≤ 20%). The simulation generated a symmetrical distribution
whereas the experiment had a slightly right-skewed distribution. It is noted that both IR and BL
exhibited comparable light distributions along the optical diffuser (Figs. 3(b) and 3(c)).

Figure 4 presents Teflon transmission and temperature development under IR irradiation. The
light transmission of a Teflon plate with and without water was 82% and 90% at various power
levels, respectively (Fig. 4(a)). The maximum temperature development of the Teflon surface was
54.5 °C and 37.5 °C under irradiance of 10 W/cm2 for 180 s, respectively (Fig. 4(b)). Moreover,
to investigate the energy threshold for thermal damage on the Teflon plate, the laser irradiance
was increased to 20 W/cm2 (Fig. 5). The scanning electron microscopic images and 3D surface
profiles showed no physical damage to the surface of both the 0-min (untreated control) and
3-min (treated) samples due to the high melting point (∼260 °C) of Teflon (Figs. 5(a) and 5(b)).
However, thermal damage on the Teflon surface was observed after 15 min of irradiation (18,000
J/cm2 and maximum temperature=∼280 °C; Fig. 5(c)). It should be noted that BL exposure
yielded a low temperature increase (< 10 °C) of the Teflon plate due to low irradiance (1.6
W/cm2).
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Fig. 3. Simulation and validation of optical diffuser: (a) ray-tracing model (top) and
longitudinal emission map (bottom), (b) SEM image of optical diffuser tip (top) and
light emission in Teflon-based endoscope channel (bottom), and (c) longitudinal emission
profiles acquired by simulation (top) and digital imaging (bottom; normalized light intensity
measured from middle of active segment; IR wavelength= 808 nm; BL wavelength= 405 nm;
OD= optical diffuser; NLI= normalized light intensity; P= proximal and D= distal ends;
scale bar= 2 mm).

Fig. 4. Characterization of optical and thermal responses of Teflon plate to IR exposure:
(a) light transmission of Teflon plate at various power levels (irradiance= 5, 10, 15, 20, 25,
30, 35, 40, 45, and 50 W/cm2) and (b) temperature development of Teflon surface under
irradiance at 10 W/cm2 for 180 s (FF: end-firing flat fiber; PM: power meter; TP: Teflon
plate; scale bar= 5 mm).



Research Article Vol. 12, No. 9 / 1 Sep 2021 / Biomedical Optics Express 5743

Fig. 5. Qualitative evaluations on surface of Teflon plate after IR (808 nm) irradiation
at 20 W/cm2: (a) no irradiation (control; 0 J), (b) short irradiation for 3 min (3,600 J;
maximum temperature=∼55 °C), and (c) long irradiation for 15 min (18,000 J; maximum
temperature=∼280 °C). Bottom images show 3D surface profiles of the irradiated channel
surfaces.

The reduction in S. aureus bacteria biofilms after various individual treatments was quantified
to determine the optimal conditions for combined antimicrobial effects (Fig. 6(a)). Irrespective
of its concentration, GA treatment significantly reduced the bacterial population of the biofilm,
in comparison to the control (p< 0.01; Fig. 6(b)). Although the highest concentration yielded the
maximum reduction (4.1-log10), the rate of bacterial reduction became saturated with increasing
GA concentration (p= 0.32 for 0.5 vs. 1.0%). A low concentration of GA (0.5%) was then
selected for further tests by considering the objective of attaining an environmentally safe
disinfection of endoscopes. Both IR and BL exposure reduced the bacterial population in the
biofilm (p< 0.01 vs. control). BL eradicated the bacterial biofilm in the channel to a greater
extent than IR (∼40%) for all applied fluences (Fig. 6(c)). Despite achieving the largest reduction
(2.8-log10 for BL) after the longest irradiation time (300 s), the degree of bacterial eradication
became saturated with increasing fluences for both IR and BL (p= 0.15 for IR and p= 0.13 for
BL). Based on the comparable bacterial reduction, the shortest irradiation time of 180 s for IR
and BL were selected for further experiments.

Figure 7 presents SEM and fluorescent images on the bacterial biofilms exposed to seven
different treatment conditions (GA, IR, BL, GA+ IR, GA+BL, IR+BL, and GA+ IR+BL). The
untreated control displays a large number of bacterial colonies that established a compact biofilm
architecture composed of extracellular polymeric substances (Fig. 7(a1)). The opto-chemical
condition (GA+ IR+BL) significantly reduced the bacterial colonies in the biofilm seeded on a
Teflon-based endoscope channel, indicating the absence of intact biofilm morphology (p< 0.001
vs. all conditions; Fig. 7(e1)). The individual treatments demonstrated the partial removal of
the bacterial density, compared to the untreated control (Figs. 7(a1)∼7(d1)). Fluorescent image
measurements confirmed that the application of GA+ IR+BL markedly reduced the bacterial
cell population, exhibiting minimal intact cell membranes (green; Fig. 7(e2)). As the total cell
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Fig. 6. Determination of S. aureus bacterial reduction in CFU under exposure of glu-
taraldehyde (GA) and laser lights: (a) CFU on agar plates (CTRL= control), (b) GA
(concentrations= 0.1, 0.5, 1, 1.5, and 2%), (c) IR and BL (irradiation time= 120, 180, 240,
and 300 s). Lines show the mean, dots represent replicates, and error bars indicate standard
deviations (CFU: colony forming unit; GA: glutaraldehyde; IR: 808 nm laser light; BL:
405 nm laser light; NS: not significant vs. IR or BL irradiation for 180 s; N= 5).

population was lower than that of the control, propidium iodide stained the remaining dead cells
(red) after their detachment from the channel surface resulting from the combined antimicrobial
effect (Figs. 7(a2) and 7(e2)). However, a considerable number of bacterial cells were still viable
under other treatment conditions (Figs. 7(b2)∼7(d2)). The biofilm coverage measured in the
SEM images showed a substantial decrease with GA+ IR+BL (p< 0.001 vs. all conditions;
Fig. 7(f1)). The quantification of green intensity, representing live bacterial cells, likewise
confirmed that GA+ IR+BL led to a minimal number of live cells with a green intensity of 10%
(p< 0.001 vs. all conditions; Fig. 7(f2)), which agrees well with the results in Fig. 7(f1). The
histograms of the biofilm counts measured from SEM and fluorescent images validate that the
opto-chemical treatment resulted in a narrow distribution of pixel intensity, in contrast to the
wide distribution of the control, representing background images with almost no viable bacterial
cells after the GA+ IR+BL exposure (Figs. 7(g1) and 7(g2)).

As the antimicrobial activity of BL on S. aureus relies on the production of oxidative stress, the
extent of ROS increase was initially evaluated for seven different treatment conditions (GA, IR, BL,
GA+ IR, GA+BL, IR+BL, and GA+ IR+BL; Fig. 8(a)). The combination of GA+ IR+BL
(opto-chemical method) yielded the maximum ROS generation among the tested conditions
(p< 0.01 vs. GA and p< 0.05 vs. BL). The photothermal effect resulting from IR on the irradiated
biofilm led to a slight increase in the ROS generation (8.1%; p< 0.05 vs. GA). In contrast, BL
and its combinations (GA+BL, IR+BL, and GA+ IR+BL) yielded marked increases in the
intercellular ROS levels (30.6%, 32.0%, 38.1%, and 41.4%, respectively). Therefore, the BL
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Fig. 7. Scanning electron microscope (SEM; left column) and fluorescent images (right
column) of S. aureus bacterial biofilm treated after various treatment conditions. (a1 and
a2) untreated control (CTRL), (b1 and b2) GA, (c1 and c2) IR, (d1 and d2) BL, and (e1
and e2) GA+ IR+BL, (f1) bacterial biofilm coverage and (g1) pixel intensity distributions
estimated from SEM images, (f2) green intensity and (g2) pixel intensity distributions
estimated from fluorescent images. Live S. aureus bacterial cells were stained with SYTO 9
(green); dead bacterial cells were stained with propidium iodide (PI; red). Lines show the
mean, dots represent measurement replicates, and error bars indicate standard deviations.
(GA concentration= 0.5%; IR and BL irradiation time= 180 s; ECM= extracellular matrix;
***p < 0.001 vs. other conditions; magnification=×5,000 for main SEM images and ×500
for inlets; scale bar= 5 µm for SEM and fluorescent images and 50 µm for inlets; N= 5).
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irradiation induced oxidative stress as a dominant mechanism for antimicrobial activity. The
opto-chemical method yielded the maximum bacterial reduction (6.7-log10; p< 0.001 vs. all
conditions; Fig. 8(b)) which is higher than the current disinfection requirement. These combined
antimicrobial effects included inhibition of protein synthesis, photothermal effect, and oxidative
stress. The top part in Fig. 8(b) represents the temperature increase and ROS generation during
the treatments (+: high and –: low). The individual treatments (GA, IR, or BL) achieved

Fig. 8. Effect of opto-chemical treatment on S. aureus bacterial biofilm after various
treatment conditions. (a) detection of reactive oxygen species (ROS) under seven treatment
conditions (GA, IR, BL, GA+ IR, GA+BL, IR+BL, and GA+ IR+BL, (b) total bacterial
reduction under seven treatment conditions (GA concentration= 0.5%; IR and BL irradiation
time= 180 s), scanning electron microscope (SEM) images of (c) untreated control and
individual treatment groups (CTRL, GA, IR, and BL), and (d) combined treatment groups
(GA+ IR, GA+BL, IR+BL, and GA+ IR+BL; scale bars: left= 1 mm and right= 1 µm;
GA concentration= 0.5%; IR and BL irradiation time= 180 s). The top part in (b) shows the
level of temperature and ROS (T: temperature; +: high value; -: low value). A cyan line in
(b) represents a range of bacterial reduction by standard disinfection with 2% GA. Lines
show the mean, dots represent replicates, and error bars indicate standard deviations (*p <
0.05 and **p < 0.01 vs. GA; ***p < 0.001 vs. all other conditions; N= 5).
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a comparatively low bacterial eradication in the biofilm due to the individual antibacterial
effect. In contrast, once GA was combined with IR or BL, the combinations (GA+ IR and
GA+BL) led to a moderate reduction in the bacterial population from the inhibition of protein
synthesis in conjunction with either a high temperature (GA+ IR) or high ROS (GA+BL).
Without GA, the treatment with both IR and BL (IR+BL: high temperature and ROS) yielded
a slightly lower reduction in the biofilm population than the GA+ IR and GA+BL treatments
(p< 0.05; Fig. 8(b)). These results indicate that protein synthesis in the bacteria must have been
inhibited before the dual-antimicrobial activities of IR and BL irradiation was applied on the S.
aureus biofilm. Subsequently, SEM images confirmed bacterial removal in the biofilm under
individual and sequentially combined treatments (Figs. 8(c) and 8(d)). Both individual and dual
combinations of treatments demonstrated the partial removal of the bacterial density, compared
to the untreated control. However, a considerable number of bacterial cells was eradicated under
the opto-chemical treatment (GA+ IR+BL; Fig. 8(d); bottom).

4. Discussion

The current study demonstrates the significant capability of the novel opto-chemical treatment
strategy to exert an enhanced antimicrobial effect with a lower concentration of GA against an
opportunistic respiratory pathogen (S. aureus) formed in a flexible endoscope model. While
previous research has reported antibacterial effects of individual treatments (GA, IR, or BL)
[10,15,22], this study demonstrated the augmented disinfecting efficacy of the combined
treatment on mature bacterial biofilm grown in a Teflon-based endoscope model. Due to difficult
procurement of clinical flexible endoscopes, the current study developed a culture system to grow
a uniform bacterial biofilm in a Teflon-based channel instead to emulate the clinical endoscope
(Fig. 2). An optical diffuser was used for the effective delivery of IR and BL lights into a
narrow Teflon-based endoscope channel (ID= 4 mm) for HLD testing. An optical ray-tracing
program was also used to simulate an optical path and light emissions for comparison with the
performance of the fabricated optical diffuser. Thus, the current study was able to customize a
flat-top uniform light emission from the optical diffuser (Fig. 3). However, slightly different light
emission profiles between simulation and experiment might have resulted from the grooving
patterns created on the optical fiber surface [26] (Fig. 3(c)). Therefore, further investigations
will be performed to optimize the optical simulations and improve a micromachining system for
precise fabrication of the optical diffuser.

The combined opto-chemical treatment enhances the antimicrobial effect on the mature biofilm.
The dominant mechanisms responsible for the combined disinfection are irreversible thermal
denaturation and the formation of intercellular ROS, which was validated in previous studies [20].
The presence of the GA solution forms protein-protein crosslinks with hydroxyl, carboxyl, and
amino groups both at the membrane and inside the cytoplasm; thereby, it arrests the metabolic
process and the GA solution leads to cell death (i.e., inhibition the process of protein and DNA
synthesis) [10,30]. In contrast, the irreversible thermal denaturation of the membrane and
cell biomolecules (e.g., nucleic acids, proteins, and lipids) resulted from IR light absorption
by a combination of the Teflon, water molecules, and bacterial biofilms in the endoscope
channel (Fig. 4) [31–34]. Physically, IR light can damage ribosomes and RNA polymerase before
disrupting DNA and cell membranes. Furthermore, RNA, protein, and cell membranes exhibited a
greater vulnerability to the IR thermal effect [35]. Conversely, endogenous porphyrins in bacterial
cells absorbed BL selectively and generated the intracellular ROS that is sufficient to effectively
kill the bacteria (Fig. 8(a)), which agrees with a previous study [22]. Rupel et al. reported that
the overproduction of oxidative stress may cause severe damage to bacterial membranes with
multiple blebs [14]. Furthermore, ROS can lead to lipid peroxidation, protein and nucleic acid
oxidation, and enzyme inhibition, ultimately causing cell death [36]. In spite of the enhanced
antimicrobial effect, the current study merely employed a single sequence (order of GA, IR,
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and BL) for the opto-chemical treatment. Therefore, various treatment orders should further be
examined to investigate the effect of the treatment sequence on disinfection performance as well as
long-term bacterial resistance. Liquid chromatography-tandem mass spectrometry will measure
endogenous porphyrins within various bacteria to elucidate the underlying interplay between BL
and biofilm disinfection [37]. Exogenous porphyrins (photosensitizer) will also be evaluated
with the proposed opto-chemical treatment in order to explore the potential antimicrobial effect
against the bacterial biofilm and to provide the alternative agents to conventional LCGs for HLD.

The present study proposes a non-invasive sequential opto-chemical treatment. This method
may mitigate the current concerns voiced by medical communities and public health agencies
regarding incomplete disinfection of a flexible endoscope to prevent the secondary infection
in the clinical situations [38,39]. The use of the sequential opto-chemical disinfection method
offers an enhanced antimicrobial effect on contaminated Teflon channels (6.7-log10 bacterial
reduction vs. 6-log10 for standard treatment [40]) in a shorter treatment time (9 min vs 20 min
for standard treatment). Moreover, the application of a lower concentration (0.5% vs. 2% for
standard treatment) can help diminish chemical use, cost, and hazardous effect on health and
environment. However, the proposed opto-chemical treatment still requires additional laser
systems and delivery device that may increase the total treatment cost. A number of studies have
been performed to disinfect the bacterial biofilm. Neves et al. reported that application of 2% GA
for 20 min, 0.15% peracetic acid for 10 min, or OPA solution was able to disinfect 5-log10 of S.
aureus or P. aeruginosa bacterial populations grown on the inner surface of endoscope channels
[41]. Balsamo et al. performed different disinfection methods on Teflon channels by using 2%
GA (both manual and automated techniques) and peracetic acid (0.15% for manual and 35%
for automated manners). However, none of the disinfection techniques completely eradicated
the P. aeruginosa bacterial biofilm [42]. Bhatt et al. recently proposed a low-temperature
plasma-activated gas treatment against the biofilm on the contaminated endoscope channels. The
technique achieved dispersal of S. aureus, P. aeruginosa, or E. coli bacterial biofilm in 9 min
without regrowth, which is comparable to the current findings [39]. Therefore, further studies
will be performed to investigate the simultaneous opto-chemical treatment, which could be more
effective than the sequential method in warranting the safety margin of the current HLD process.
IR (10 W/cm2) and BL (1.6 W/cm2) wavelengths will be irradiated simultaneously onto the inner
surface of clinical endoscope channels that are immersed in a GA solution (0.5%) to enhance
disinfection performance and to shorten the treatment time. Moreover, Gram-positive bacteria
seem more susceptible to antimicrobial agents than Gram-negative bacteria, due to the existence
of an additional phospholipid layer as an outer membrane of Gram-negative strains [43]. To
broaden the usage of the opto-chemical disinfection, the proposed method will be validated with
various bacterial biofilms (both Gram-positive and Gram-negative bacteria).

5. Conclusion

The current results demonstrate, for the first time, the feasibility of a combined opto-chemical
method for HLD of mature bacterial biofilm grown in a Teflon-based endoscope channel model.
Both irreversible protein denaturation and production of intracellular ROS are responsible for
approximately 1.0-log10 higher bacterial reduction, compared to the standard treatment. Further
studies will demonstrate a capacity of the simultaneous opto-chemical treatment in disrupting
biofilms of Gram positive/negative bacteria in a clinical endoscope.
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